Experimental and clinical studies often require highly purified cell populations. FACS is a technique of choice to purify cell populations of known phenotype. Other bulk methods of purification include panning, complement depletion and magnetic bead separation. However, FACS has several advantages over other available methods. FACS is the preferred method when very high purity of the desired population is required, when the target cell population expresses a very low level of the identifying marker or when cell populations require separation based on differential marker density. In addition, FACS is the only available purification technique to isolate cells based on internal staining or intracellular protein expression, such as a genetically modified fluorescent protein marker. FACS allows the purification of individual cells based on size, granularity and fluorescence. In order to purify cells of interest, they are first stained with fluorescently-tagged monoclonal antibodies (mAb), which recognize specific surface markers on the desired cell population (1). Negative selection of unstained cells is also possible. FACS purification requires a flow cytometer with sorting capacity and the appropriate software. For FACS, cells in suspension are passed as a stream in droplets with each containing a single cell in front of a laser. The fluorescence detection system detects cells of interest based on predetermined fluorescent parameters of the cells. The instrument applies a charge to the droplet containing a cell of interest and an electrostatic deflection system facilitates collection of the charged droplets into appropriate collection tubes (2). The success of staining and thereby sorting depends largely on the selection of the identifying markers and the choice of mAb. Sorting parameters can be adjusted depending on the requirement of purity and yield. Although FACS requires specialized equipment and personnel training, it is the method of choice for isolation of highly purified cell populations.
8. If not using directly conjugated antibodies, repeat step 7 using the appropriate secondary antibody or Streptavidin conjugate. 9. After washing, resuspend the cells in culture medium and determine the cell concentration using a vital dye such as Trypan blue. 10 . Adjust the cell concentration to 15-20 x 10 6 /ml. For cell populations that form clusters, which can clog the instrument during sorting, filter the cells through a strainer. 11. Set up and optimize the cell sorter. The process of setting up a flow cytometer is varied depending on the manufacture and needs to be performed by appropriately trained personnel. The general recommendations are as follows: 1. Select the appropriate nozzle depending on the cell type to be sorted. 2. For sterile sorts, sterilize the instrument. 3 . Perform instrument quality control with beads to verify lasers are functioning, and it is sorting accurately. 4. Install the required collection device and set up the side streams. 5. Look at the instrument's laser and detector set up to determine the fluorescent labels that can be used (our BD FACS Aria has three lasers and can detect up to nine colors). 6. Once it is determined what fluorescent labels will be used on the cell sorter, compensation can be performed (as explained below).
12. Perform compensation using the negative control sample and the single positive controls. Compensation is necessary to remove the spectrum overlap between two detectors. It is pertinent to note that compensation is not fool proof and is adversely affected by how brightly certain markers stain, and by the fluorescence of cells that have low autofluorescence which can lead to poor resolution between dim and negative populations. For best results, the experimental design should include using bright fluorochromes with markers that have low expression or that don't have a known staining pattern. Markers that provide good separation between cell populations and are highly expressed should be used with dimer fluorochromes such as ones excited by red or violet lasers. 1. Compensation can be performed with compensation beads, which are polystyrene microparticles that have been coupled to an antibody specific for the Kappa light chain of Ig from mouse, rat, or rat/hamster. The beads are easy to stain, have a robust signal and provide an easy way of preparing single stained controls that have the same fluorophore as the experimental samples. 2. Set up a template that includes a bivariate plot to display forward scatter (FSC) and side scatter (SSC), and one histogram for each fluorochrome that will be used. 3. Run the negative control tube and adjust the forward scatter (FSC) and side scatter (SSC) to place the population of interest on scale. 4. Adjust the fluorescence PMT settings to place the negative population or autofluorescence in the far left hand portion of the histogram. 5. Record the negative control tube. 6. Run the single positive control tubes and record the data for each tube. 7. Draw an interval gate around the positive portion of the data on the histogram, and another interval gate on the negative portion of the histogram. 8. Manual compensation is done by adjusting the median (median is a better estimate of central tendency than the mean on a logarithmic scale) of the positives until it is equal to the median of the negatives. This must be done for each of the fluorochrome labels used in the experiment. 9. To adjust the median, adjust the spectral overlap values either higher or lower until the medians for each fluorescent parameter match as closely as possible. 10. Compensation can also be done automatically with analysis software. Automatic compensation uses the recorded data from compensation controls to calculate an algebraic matrix for all the fluorophores used in the experiment. These values are used to subtract out the contributions of the non-primary colors that are bleeding into a primary color's detector.
13. Record the experimental sample to be sorted and use gating tools and subsetting methods to define the populations of interest. 1. Set up the experimental template with a dot plot that displays FSC vs. SSC and use a gating tool, polygon, rectangle, interval or quadrant to gate the population of interest. The scatter plot displays the physical properties of the cell which is distinct to the cell type. 2. The best way to determine the fluorescence gating strategy is to use fluorescence minus one (FMO) controls. In a FMO control tube all reagents that are used in the experiment are included except for the one of interest. The FMO helps discriminate between dimly stained populations and broad negative populations. 3. Use the data recorded from FMO tubes to determine where to place gates within the experimental tube.
14. Once gates have been determined, the gates can be selected for sorting into external collection tubes. Up to four gates (or populations) can be sorted at one time depending on the instrumentation available. 15. Run the experimental sample tube at 4 °C, turn on deflection plates, and sort the sample. 5 x 10 5 -1.5 x 10 6 cells can be sorted into a 12 x 75 mm tube and 1.5 x 10 6 -4.5 x 10 6 cells can be sorted into a 15 ml conical.
16. Once the required number of cells has been obtained, manually stop sorting. 17. Perform a post-sort analysis to determine the purity of the sorted cell populations.
Representative results
We have shown here results for mouse splenic B and CD4 T cell sorting (Figure 1 ). Splenocytes were stained with PE Texas Red-conjugated anti-mouse B220, FITC-conjugated anti-mouse TCRβ and Alexafluor-700-conjugated anti-mouse CD4 to identify B cells (B220+TCRβ-) and CD4 T cells (CD4+TCRβ+). The sorting was performed with BD FACS Aria instrument. After sorting the B cell purity was >97% and the CD4 T cell purity was >98%.
Figure 1. Purity of splenic B cells and CD4 T cells after FACS.
Mouse splenocytes were stained with anti-mouse B220, TCRβ and CD4 antibodies. FACS for B cells was performed using a BD FACS Aria by gating on B220+TCRβ-cells (Fig. 1A , left panel, lower right quadrant). A post sort analysis was performed to determine the purity of the B cells (Fig. 1A, right panel) . B220 staining is shown on the x-axis and TCRβ staining on the y-axis. FACS for CD4 T cells was performed using the same flow cytometer by gating on TCRβ+CD4+ cells (Fig. 1B , left panel, upper right quadrant). A post sort analysis was performed to determine the purity of the CD4 T cells (Fig. 1B, right panel) . TCRβ staining is shown on the x-axis and CD4 staining on the y-axis. The percent positive cells in each quadrant is shown.
Discussion
FACS is a highly sophisticated technique for purifying cell populations of interest, in which a very high purity (95-100%) of the sorted population can be obtained. Therefore, this technique is particularly important for experiments, where high purity is an essential requirement (e.g. microarray analysis). FACS is particularly advantageous over other available methods of purification when a cell population needs to be purified based on a weekly expressed surface marker or when two or more populations need to be purified which have different levels of expression of the same surface marker. (3, 4) . FACS is also commonly used to sort cells expressing fluorescent proteins that are genetically expressed, such as green fluorescent protein tagged proteins (5) . If a sterile sort is performed the cells can be cultured. However, cell viability and yield can be compromised during sorting. Viability can be improved by using a cell-dependent optimal temperature for the sorting and by processing collection tubes immediately after they reach capacity. Recovery can be increased by using polypropylene collection tubes, collecting sorted cells in serum The development of ultra high-speed sorters has extended the possibility of the application of flow sorting in clinical settings. The potential clinical applications of FACS include purification of blood stem cells from human blood for therapeutic purposes, applications in cancer therapy, amniocentesis replacement, sorting human sperm and early disease detections (6, 7).
For multicolor staining, antibody selection is a critical step and fluorochromes are chosen based on the detection system for each particular instrument. There are a number of companies that sell cell sorters and the laser configuration varies according to user needs. Thus one cannot simply use the exact same antibodies used in published studies without confirming compatibility. For optimal antibody selection, one should consider the expression level of the protein being examined. In general, the brightest available fluorochrome-tagged antibodies should be used to stain dimly expressed surface markers, while dim fluorochromes can be used for the staining of highly expressed surface markers (8) . In addition, antibodies should be selected in such a way that overlap among their emission spectra is minimal. For multicolor staining, it is extremely difficult to choose fluorochrome that have no spectral overlap. In this situation, compensation is performed.
Compensation is necessary to mathematically eliminate the fluorescence overlap between the emissions spectrum of the various fluorochromes that is measureable by the detectors (8) (9) (10) . In other words, the overlap fluorescence from one fluorochrome is subtracted from the emissions spectrum of another fluorochrome. The compensation calculation requires an unstained control and single positive controls for each fluorochrome used for a multicolor staining (9, 10) . Compensation can be conducted using cells or beads. The beads are easy to stain, have a robust signal and provide an easy way of preparing single stained controls that have the same fluorophores as the experimental samples. Compensation beads are particularly advantageous when the cell surface protein of interest is expressed at a low level and when the cell population of interest is limiting in the initial starting cell population.
Once the antibodies have been chosen, their activity should be optimized by performing a titration analysis. This is particularly important if the FACS machine has highly powerful lasers. The use of suboptimal concentrations of staining antibodies can result in poor separation of the desired cell population from the total cell population. The use of high antibody concentrations increases the chance for antigen non-specific staining. Therefore antibody titration will allow the selection of the antibody concentration that gives the maximum brightness of the positive population and minimal background staining (8) .
FACS is now a standard technique for the purification of subpopulations of cells. It can be used to separate any cell type in which a single cell suspension can be generated and antibodies are available to identify the desired cell population. FACS is the method of choice when highly pure cell populations are required.
